In this work we analyze quantum decoherence in neutrino oscillations considering the Open Quantum System framework and oscillations through matter for three neutrino families. Taking DUNE as a case study we performed sensitivity analyses for two neutrino flux configurations finding limits for the decoherence parameters. We also offer a physical interpretation for a new peak which arises at the ν e appearance probability with decoherence. The best sensitivity regions found for the decoherence parameters are Γ 21 ≤ 1.2 × 10 −23 GeV and Γ 32 ≤ 7.7 × 10 −25 GeV at 90% C. L. * for the decoherence parameters [9, 15, 17] . Nevertheless, there are other experiments which could be considered and might be suitable to make a full three neutrino family analysis. As will be shown later on, the decoherence effect arises in the oscillation probabilities through damping terms depending on the baseline, suggesting that a long baseline experiment such as DUNE is an excellent candidate to bound all the decoherence parameters for three neutrino families. Although it is speculated that the quantum decoherence effect could be generated by quantum gravity [19] , in this work we will use a phenomenological approach. We do not use any microscopical model which describes the source of such effects, and therefore such hypothesis or other possible origins of decoherence will not be discussed. It is also important
I. INTRODUCTION
Even though the standard three neutrino oscillation paradigm is well established and several oscillation parameters have been already measured with certain precision [1] , the quest for establishing the violation of the Charge Parity (CP) symmetry in the leptonic sector, the octant preference or the maximality of the atmospheric mixing angle, and the neutrino mass ordering is still ongoing. In order to fulfill such goals and also to reach a greater precision in the measurement of all the neutrino oscillation parameters, future experiments such as the Deep Underground Neutrino Experiment (DUNE) [2] [3] [4] [5] [6] are being developed.
DUNE is a long-baseline neutrino experiment where the neutrinos produced at Fermilab are detected at the Sanford Underground Research Laboratory, therefore after traveling ∼ 1300 km. DUNE is designed to study the ν µ and ν e (and alsoν µ andν e ) oscillations through the Earth crust's matter, and for that reason it is expected to provide a measurement of the neutrino mass hierarchy. DUNE is also sensitive to the Dirac phase present in the lepton mixing matrix, which parameterizes the possibility that neutrinos violate the CP symmetry. In order to perform this major discoveries and the precise measurement of the atmospheric mixing angle, DUNE will have to reach a novel control of systematics and very large statistics. Such features can be used not only to achieve the main goals for the standard oscillation program, but more importantly, can also be useful to probe new physics effects, such as decoherence.
There are several works [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] showing how decoherence can emerge in models considering interactions between a neutrino subsystem and an environment in the Open Quantum System [18] framework, and some of these works present analyses of possible constraints to point out that in this work we will study only the decoherence effects which arise in the framework of Open Quantum Systems, we will not address decoherence effects from wave packet separation (see for example Refs. [20, 21] ), which are already present within usual Quantum Mechanics.
This work is organized in the following way. We review how one can study neutrino oscillations considering a coupling with the environment in the Quantum Open System framework in Section II, presenting also the form of the oscillation probabilities with decoherence in three families. In Section III A we offer a physical interpretation of a new peak that arises in the oscillation probabilities with decoherence. In Section IV we perform sensitivity analyses and present the sensitivity regions found for the decoherence parameters. Since the optimized flux configuration at DUNE already covers a broad range of neutrino energies, DUNE is sensitive to the decoherence parameters. We also consider a high energy flux configuration to reach the high energy peak induced by decoherence in the appearance channel, which is the 'smoking gun' for decoherence, providing an increasing sensitivity to the decoherence parameter Γ 32 .
II. FORMALISM
When the coupling between the neutrino subsystem and the environment is considered, the time evolution of the subsystem density operator is given by the Lindblad Master Equation [11] :
where N is the dimension of the Hilbert space of the subsystem. The non-Hamiltonian term can be written as:
which will be referred from now on as dissipator.
The matrix D is subjected to constraints to assure that the operator ρ(t) have all the properties of a density operator and that its physical interpretation is correct. In particular it can be shown that the operator V must be hermitian (V k = V † k ) [7] , to ensure that the system's entropy increases in time.
In the case of three active neutrinos one can expand the Lindblad equation in Eq. (1) using the SU (3) generators, the Gell-Mann matrices λ i , as a basis obtaining:
where the f ijk are structure constants completely antisymmetric in the indices i, j, k.
We assume D µν as a symmetric matrix and with D µ0 = D 0ν = 0 in order to have probability conservation. We will also impose that [H, V k ] = 0, which implies energy conservation in the neutrino subsystem. Other conditions for D will come from the imposition that it satisfies the criteria for complete positivity, which must be obeyed by a density operator, and hence also by the dissipator. For three neutrino families these criteria are described in
Ref. [7] and references therein. Under such constraints the dissipative matrix D kl assumes the following form:
The decoherence parameters are not independent from each other, and are related by the following equations [13] :
where the a i are the terms of the expansion of the V k operators in terms of the SU(3) matrix basis:
Since we have that a density matrix must be positive semi-definite, which means that if λ i are its eigenvalues, then λ i ≥ 0 ∀i [22] , it is clear that the dissipator in Eq. (4) with the conditions in Eqs. (5) - (7) satisfies the needed criteria in order to preserve its physical meaning. In the appendix A we discuss the validity of the dissipator in Eq. (4) and
the positivity conditions when one considers decoherence in vacuum or in constant density matter, highlighting the differences between our approach and the one used in Ref. [16] . In the following sections we consider Γ 21 and Γ 32 as the independent parameters, and Γ 31 given by equations (5) - (7) .
Considering DUNE baseline, matter effects have to be taken into account. The complete
Hamiltonian in the flavor basis is then given by:
where ∆m 2 21 and ∆m 2 31 are the squared mass differences between the mass eigenstates, E is the neutrino energy,Â is the matter potential, and U is the mixing matrix for three neutrino families, which is given by: 
and where c ij and s ij denote cos(θ ij ) and sin(θ ij ) respectively.
The Eq. (3) will be solved in the effective mass eigenstate basis, hence we must find the diagonal form of the Hamiltonian:
Solving the Lindblad equation, with the dissipator defined in Eq. (4), one finds:
where ρ ij (0) are the elements of the density matrix for the initial state.
The oscillation probabilities for each channel can be calculated from:
Using Eq. (12) and Eq. (13), and after some algebraic manipulation, one obtains:
In the following sections we present results from the implementation of Eq. (14) in a modified version of the GLoBES [23, 24] probability engine, which was also double-checked by solving numerically the Lindblad Equation in Eq. (3).
III. EFFECTS OF DECOHERENCE ON THE OSCILLATION PROBABILITIES
We consider the four oscillation channels, appearance and disappearance for both neutrino and antineutrino modes, for benchmark values of the decoherence parameters Γ 21 , Γ 31 , Γ 32 .
For the probability studies, only the DUNE baseline (L = 1300 km) and its energy range (which extends from hundreds of MeV's to tenths of GeV's) are needed. The values of the standard oscillation parameters used along this work are given in Table I . As we can see in Fig. 1 , the decoherence parameters affect the four oscillation channels, and for the values of the decoherence parameters considered we can see a few different effects on the oscillation probabilities. In Figs. 1 (c) and (d) there is a small decrease in the overall oscillation amplitude (more accentuated for theν µ disappearance probability).
In Fig. 1 (d) we can also see a decrease in theν µ for E 10 GeV. However, the most striking difference respect to the standard oscillation is the new peak at ∼ 10 GeV for the ν e Table I , and Γ 31 was calculated according to Eqs. (5) - (7) . appearance probability in the presence of decoherence, which would provide a clear signature of new physics. In the next section we will discuss this feature in more details. Although the peak by itself is not a novelty, and it was somehow studied in previous works (see for instance [13, 14] ), here we provide a detailed physical interpretation, and more importantly, we suggest how this unique feature of decoherence can be probed at DUNE.
A. New peak at the ν e appearance probability: physical interpretation A peak at ∼ 10 GeV is present in the ν e appearance probability in the presence of decoherence. In order to obtain a physical insight of this new feature, let us begin by As we can see in Fig. 2 , there is a level crossing between the eigenvalues referred as 2 and 3 at E ∼ 10 GeV, which indicates a resonance at that energy for the parameters considered.
From the oscillation probabilities with decoherence in Eq. (14), the Γ jk parameters appear in the form of e −Γ jk x damping factors for the terms:
for j, k = 1, 2, 3 and j > k.
Since I αα is the term of the probability where we have the dependence on the oscillation phase through cos
x , which are responsible for the quantum interference in the oscillation probabilities, we will refer to it as the interference factor. In addition, there are terms not affected by the decoherence parameters:
where j, k = 1, 2, 3 and j > k. The term C αα in the case of the ν e appearance probability, and for j = 3 and k = 2, is given by: Right panel, interference factor I µe for j = 3, k = 2, α = µ, α = e given by Eq. (18).
is also shown in the left panel of Fig. 3 . This term of the ν e appearance probability indeed presents a resonance at E ∼ 10 GeV, which was already suggested by the level crossing in the eigenvalues for this energy in Fig. 2 .
Let us now analyse the effect of e −Γ 32 x over the ν e appearance probability, and in order to do so, we considered the form of the interference factor in Eq. (15) when j = 3, k = 2, α = µ, α = e:
The form of the interference term, which is subject to the damping factor e −Γ 32 x , and as given in Eq. (18) , is shown in the right panel of Fig. 3 . We can see that the term I µe work as an interference factor to the oscillation probabilities, in particular, we see that around work as a damping to this interference factor, therefore eliminating the destructive interference at E ∼ 10 GeV. The elimination of such destructive interference enhances the ν e appearance probability, since now the destructive interference cannot completely cancel out the resonance, therefore creating the peak shown in Fig. 1 (a) . Since such peak constitutes a very significant effect in the oscillation probabilities in the presence of decoherence, being able to reconstruct it will provide a compelling test of decoherence. If DUNE is compatible with standard oscillations, severe bounds to the decoherence parameters can be obtained as long as the experiment measure a significant number of events around E ∼ 10 GeV.
IV. RESULTS
In this section we are going to show sensitivity analyses considering neutrino oscillations with decoherence in matter given by Eq. (14) . We first show how each oscillation channel is sensible to decoherence by calculating the event rates, and then we establish DUNE sensitivities to the decoherence parameters. For the sensitivity analysis we have considered two neutrino flux configurations, as will be detailed in the following sections, to exploit the main features of the decoherence effects discussed previously.
In the following estudies, we assume the DUNE configuration as defined in the CDR document in Ref. [3] and in particular we made use of the GLoBES files from Ref. [29] .
Basically, it is assumed DUNE will be running for 3. 
A. Relative events with the DUNE default Flux configuration
For a particular input for the decoherence parameters, the total number of events and the energy event spectra are calculated for each oscillation channel. Defining the relative Event Rates as δR rel :
where Γ 21 = 0, Γ 31 = 0, Γ 32 = 0 are chosen in order to satisfy Eqs. (5) - (7) , and R correspond to the event rates. Fig. 4 show the relative deviation of the number of ν e ,ν e , ν µ , andν µ events respect to the standard oscillation case without decoherence. From the ν e andν e events, one can see a low relative deviation (< 3%) at the DUNE flux (default) maximum (∼ 2.5 GeV). The peak at E 10 GeV in the ν e (ν e ) events is also relatively low, being about ∼ 16% (∼ 8%), but this is expected because with the default flux events at the high energy end of the spectrum are much smaller than in the DUNE energy peak. In the case of ν µ andν µ events in Fig. 4 we can notice that at slightly lower energies from the DUNE flux (default) maximum, a relative deviation of the order of ∼ 19% is obtained in the case of ν µ and ∼ 35% forν µ events.
It appears to be that, with the default flux configuration, DUNE is sensitive to decoherence, and this sensitivity is obtained from the four oscillation channels. However, due to the large number of muon neutrino (and antineutrino) events (see Tab. II), and the relative deviation in Fig. 4 , the main sensitivity comes from ν µ andν µ events and some reduced sensitivity fromν e events. To fully exploit the high energy relative deviations that appears in the ν e andν e events in Fig. 4, a sensitivity analysis of Section IV C, and as will be shown, this will substantially improve the sensitivity for testing decoherence.
B. DUNE sensitivity to the decoherence parameters with the default flux configuration
In this section we present a sensitivity analysis considering the default flux configuration from [29] . From the previous sections we could see that with the default flux DUNE have a good sensitivity to the decoherence parameters Γ 21 and Γ 32 in a parameter range which is not yet constrained by other experiments. Later, we present a second analysis considering a higher energy flux, which will bring a better sensitivity to Γ 32 , since it is the parameter which generates the new peak at ∼ 10 GeV for the ν e appearance probability.
For the analysis presented in this section we have assumed standard oscillation 'data' without decoherence using values in Table I and tested the decoherence hypothesis. The usual χ 2 analysis have been performed marginalizing over the standard oscillation parameters (except the solar parameters that are kept fixed) adding penalties to the χ 2 -function with the following standard deviations: σ(sin 2 (2θ 13 )) = 0.0033, σ(sin 2 (2θ 23 ))/ sin 2 (2θ 23 ) = 3%, and σ(∆m 2 31 )/∆m 2 31 = 3%. The δ parameter have been also minimized over. Because Γ 21 , Γ 31 , Γ 32 are not all independent, to perform the χ 2 analysis we assumed two of the three decoherence parameters as independent, and defined the other one as a dependent parameter, according to Eqs. (5), Eq. (6) and Eq. (7), making then confidence level curves shown in Fig. 5 .
To obtain the sensitivity regions on each individual parameter we perform the minimization over each of the two decoherence parameters as shown in Fig. 6 (a) for ∆χ 2 versus Γ 32 and (b) for ∆χ 2 versus Γ 21 . From the ∆χ 2 profiles we obtained sensitivity regions compiled in table III. From the results in table III we can see that DUNE has the potential to provide a more stringent limit to Γ 21 than the one given by KamLAND in Ref. [9] , where the limit for Γ 21 in 95% C.L. is 6.8 × 10 −22 GeV.
In the following section we discuss how a high energy neutrino flux, different from the one given by Ref. [29] , can considerably improve the sensitivity to Γ 32 providing a more suitable configuration to test decoherence at DUNE. considering the default flux configuration [29] , as shown in Fig. 6 (a) and 6 (b) for 1 d.o.f.
C. Sensitivity analysis for Γ 32 with a high energy flux configuration
From the discussion at the event level in Section IV A it is clear that in order to be sensitive to the peak around 10 GeV in the ν e appearance channel at DUNE, it is necessary to consider a different flux configuration. Having reached this conclusion, we decided to perform a second sensitivity analysis, but this time considering the High Energy (HE) neutrino flux proposed in Ref. [30] .
For the sensitivity analysis using the HE flux we excluded the beam contamination from ν e and ν e , since we do not have access to this information. Then, we repeated the same procedure of the previous sections, first presenting in Fig. 7 the relative deviation of the number of ν e events respect to the standard oscillation case without decoherence and finally the sensitivity results. As already expected, with the HE flux configuration the peak at in the ν e rises to ∼ 45%, which suggests that this channel with such flux configuration can bring an increased sensitivity to the Γ 32 parameter. We showed in Section III, that is the Γ 32 parameter that mostly generates this new peak. Following the same procedure of the previous section we performed another sensitivity analysis, and the results are given in Fig. 8 and Fig. 9 .
From Fig. 9 we obtained the sensitivity regions compiled in Table IV , where we present only the limits for Γ 32 , since the analysis presented in section IV B already brings the best sensitivity to Γ 21 . Sensitivity to Γ 32 given in Table IV is enhanced respect to the one found in Section IV B, since the HE flux from [30] is much more suitable to pin down the new peak at E ∼ 10.8 GeV in the ν e appearance probability than the default flux [29] . DUNE has the potential to put a stringent limit to the decoherence parameters, which means that the peak would become much less noticeable in a ν e appearance probability plot as long as the DUNE measured rates are more 'compatible' with standard oscillations. (Γ 32 = 0) for the HE flux from [30] . For the event rates with decoherence we considered Γ 21 = 5.1 × 10 −25 GeV, Γ 31 = 3.0 × 10 −25 GeV, Γ 32 = 1.6 × 10 −24 GeV. We also present again the Relative deviations for the ν e appearance events considering the default flux [29] for comparison. [30] shown in Fig. 9 for 1 d .o.f.
V. CONCLUSION
In this work we found sensitivity regions for the decoherence parameters that affect neutrino oscillations in three families considering two possible flux configurations for DUNE.
In Section III A we showed how the new peak at the ν e appearance probability can be seen as an elimination of a destructive interference, generating then an increase in the transition to ν e . Section IV A showed how the decoherence parameters can be better analyzed by considering different oscillation channels and also different flux configurations, the default flux from [29] and the HE flux from [30] .
In Section IV B we presented the results for the sensitivity analysis using the flux configuration from Ref. [29] . In 90% C. L. the sensitivity limits for the parameters given in As we can see, the limits on Γ 21 are potentially more stringent at DUNE, when compared with the KamLAND experiment, by two orders of magnitude. On the other hand, DUNE in its default configuration has a reduced sensitivity forν e , suggesting that the limit for Γ 21 comes in most part from the ν e channel. Therefore, one might think that Γ 21 for ν e and ν e has some chance to be different. This is the exact scenario for a CP-like violation such as was proposed in Ref [31] and a new investigation regarding such issue will be presented somewhere else.
Finally, in Section IV C we showed how changing to a HE flux configuration DUNE can significantly improve the sensitivity to the Γ 32 parameter potentially pinning down the peak which is the most compelling feature of decoherence at DUNE. The sensitivity regions for such analysis (presented in Table IV ) are, for 90% C.L.: Γ 32 ≤ 7.7 × 10 −25 GeV, and for 3σ C.L. Γ 32 ≤ 1.4 × 10 −24 GeV.
Since the subsystem is different when one considers neutrinos in vacuum or in matter, if V k has the same form in both basis, then Eq. A1 is not satisfied at the same time in such cases. This is exactly what happens in Refs. [10, 16] . As it is shown in [8] , this implies that the decoherence effect and the so called relaxation effect cannot be fully separated. In fact, as argued in Refs. [8, 9] , the work in [10] finds constraints for the relaxation effect, or for decoherence in a model dependent approach. It is important to point out that decoherence is an effect which acts only on the quantum interference terms of the oscillation probabilities, while relaxation acts only on the constant terms, which allow flavour convertion even without mixing between the neutrino families.
For two neutrino families we have that [8] :
where δ θ = 2(θ − θ), such thatθ is the effective mixing angle, which depends on the matter density.
As we can see, in vacuum Eq. (A2) assumes the following form:
since in vacuum δ θ = 0.
To assure that the condition Eq. (A1) is satisfied for neutrinos propagating in both vacuum and in constant density matter, it is shown in Ref. [8] that the operators V k must also transform when there is a change of basis. Therefore we must have that:
where U T = U † U M , and U M is the rotation matrix between the flavor basis and the effective mass basis, and as we can see, it is equal to Eq. (A3).
When V k transform as Eq. (A4) the dissipator in Eq. (4) (where we only consider decoherence, not relaxation) is valid for neutrinos propagating in both vacuum and in matter.
Since the form is the same, the conditions for positivity are also the same for both cases, which assures that when Eqs. (5) - (7) are obeyed the physical meaning of the probabilities
